BACKGROUND AND OBJECTIVE: The role of sugars in solutions on subjective appetite and food intake (FI) has received little investigation in children. Therefore, we examined the effect of isocaloric solutions (200 kcal/250 ml) of sugars including sucrose, high-fructose corn syrup-55 (HFCS) or glucose, compared with a non-caloric sucralose control, on subjective appetite and FI in 9-to 14-year-old normal weight (NW) boys. PARTICIPANTS AND METHODS: NW boys (n = 15) received each of the test solutions, in random order, 60 min before an ad libitum pizza meal. Subjective appetite was measured at baseline (0 min), and 15, 30, 45 and 60 min. RESULTS: Only glucose (P = 0.003), but neither sucrose nor HFCS, reduced FI compared with the sucralose control. This led to a higher cumulative energy intake, compared with sucralose, after sucrose (P = 0.009) and HFCS (P = 0.01), but not after glucose. In all treatment sessions, subjective average appetite increased from baseline to 60 min, but change from baseline average appetite was the highest after sucrose (P o 0.005). Furthermore, sucrose (r = À0.59, P = 0.02) and HFCS (r = À 0.56, P = 0.03), but not glucose, were inversely associated with test meal FI when the treatment dose (200 kcal) was expressed on a body weight (kg) basis. CONCLUSIONS: Change from baseline subjective average appetite was the highest after sucrose, but only the glucose solution suppressed FI at the test meal 60 min later in NW boys.
INTRODUCTION
More than one-third of Canadian children are overweight or obese 1 and many consume sugar-sweetened beverages in amounts higher than dietary recommendations. 2 These observations are often cited to suggest that there is a causal relationship between sugar-sweetened beverage consumption and childhood obesity, despite the lack of a consistent pattern of intake and obesity risk. 3 The recent concern arises from the temporal relationship between the availability of high-fructose corn syrup (HFCS) and obesity rates, as it has been suggested that the replacement of sucrose with HFCS in the food supply, and especially in caloric sweetened beverages, contributes directly to overweight and obesity. 4 Due to its lower cost, HFCS, a liquid mixture composed of 55% fructose and 45% glucose, 5 is now the primary caloric sweetener in soft drinks. 4 Although the ratio of glucose to fructose is similar to sucrose (50:50), HFCS contains unbound glucose and fructose molecules, and thus may differ in terms of its effect on subjective appetite and food intake (FI). 4 The effect of sugars in solutions has been investigated on subjective satiety, FI and satiety hormones in adults. [6] [7] [8] Although glucose had the strongest effect on 60 min FI suppression, 7 HFCS and sucrose (300 kcal/300 ml) had similar effects on appetite and blood glucose responses and reduced 80 min FI compared with the water control. 6 Similarly, another study in adults found no difference in 50 min FI and appetite responses following beverages containing sucrose or HFCS. 8 In children, the effect of sugars in solution on FI is sourceand time-dependent. Glucose in solution (1 g/kg body weight) suppressed FI at a test meal 30 min later, in both normal weight (NW) and obese boys, but the effect was attenuated when the delay interval was extended to 60 min. 9 Sucrose (45 and 90 g) resulted in a significant and dose-dependent decrease in FI at a test meal at 25-30 min, 10 but not 90 min later. 11 However, the effect of HFCS on short-term FI and satiety, or compared with other sugars, has not been investigated in children of any age.
Therefore, we hypothesized that FI after all sugars in solutions will be decreased in comparison to the sucralose control, with similar reductions in FI after HFCS and sucrose. The primary objective of this study was to examine the effect of isocaloric solutions (200 kcal/250 ml) of sucrose, HFCS or glucose compared with a non-caloric sucralose control on subjective appetite and FI in 9-to 14-year-old NW boys.
MATERIALS AND METHODS Participants
Fifteen, 9-to 14-year-old, NW boys who were between the 5th and 85th body mass index percentile for age and gender 12, 13 completed the study. Participants were recruited via flyers posted throughout the Halifax Regional Municipality and by word-of-mouth. Boys born at full-term and normal birth weight were included in the study. Volunteers who were dieting, taking medications that affect FI or who had significant behavioral, emotional or learning difficulties were excluded.
After a primary telephone interview, a screening session was scheduled at the Department of Applied Human Nutrition at Mount Saint Vincent University where the study protocols were explained and anthropometric measurements including height (m) and weight (kg) were taken. As previously described, [14] [15] [16] [17] the skinfold thickness (mm) was measured at four points including triceps, biceps, suprailial and subscapular to estimate fat mass (FM). Informed written consent and assent were obtained from the parent and the child, respectively. This study was approved by the Mount Saint Vincent University Research Ethics Board.
Experimental protocol
This was a single-blinded, randomized, repeated measures design as reported in our previous studies. 14, 16, 17 Participants were randomly selected into a particular treatment order, which was balanced. On four separate mornings, at least one week apart, each participant completed four experimental sessions. At each session, boys arrived at the Department of Applied Human Nutrition at Mount Saint Vincent University, 2 h after a standardized breakfast of fat-free skim milk (250 ml, 90 kcal; Baxter, Saint John, NB, Canada), Honey Nut Cheerios (26 g, 90 kcal; General Mills, Mississauga, ON, Canada), and Tropicana Orange Juice (236 ml, 110 kcal; Tropicana Products Inc, Bradenton, FL, USA). Arrival time was kept consistent throughout the four visits. Participants were asked to fast for 10-12 h before consuming the standardized breakfast, not to exercise on the morning of the study, and not to consume anything aside from the breakfast before arriving at the lab with the exception of water, which was allowed for up to 1 h before arrival. Upon arrival, a compliance survey was completed to ensure the participants followed the protocols. Test sessions were rescheduled if participants failed to comply with pre-testing protocols.
Participants completed the 'motivation-to-eat' visual analog scale questionnaires at baseline (0 min), and 15, 30, 45, and 60 min. An average appetite score was calculated after each solution and measurement time point. This protocol has been described in our previous publications. 9, 14, 16 After the completion of baseline visual analog scale, participants were provided with a sweetened solution (250 ml) of either glucose (54.6 g; Grain Process Enterprises Ltd, Scarborough, ON, Canada), sucrose (53.3 g; Redpath Sugar Ltd, Toronto, ON, Canada), HFCS-55 (64.9 g; donated by Casco Inc., Etobicoke, ON, Canada) or calorie-free sucralose control (250 mg of SPLENDA, donated by Tate and Lyle, Decatur, IL, USA). The solutions were matched for sweetness and appearance by the addition of 1.1 g of aspartame-sweetened, orange-flavored crystals (Sugar Free KoolAid, Kraft Canada Inc., Don Mills, ON, Canada) and 70, 50, 20 mg of sucralose added to the glucose, sucrose and HFCS solutions, respectively. All solutions were made up to 250 ml with water and were prepared the evening before each session and stored in the refrigerator. Solutions were served chilled, the following morning, in a covered opaque cup. Participants consumed the solution, within 5 min, followed by 100 ml of water to minimize the aftertaste. They then completed a visual analog scale that measured the sweetness and pleasantness of the solution. This was followed by 60 min of sedentary activities (word puzzles, reading, board games, etc.). The activities were performed in a friendly, noncompetitive manner to avoid emotional excitement or stress. Any foodrelated topics were avoided for the duration of the sessions.
At 60 min, participants were escorted to a feeding room and individually seated in semi-private cubicles and served an ad libitum pizza lunch with 500 ml of water for 30 min. Two varieties of pizza, either pepperoni or three-cheese (Deep and Delicious 5′ diameter, McCain Canada Ltd, Florenceville, Ontario, Canada), were served at the test meal. A warm tray of pizza was provided every 10 min, each tray containing three pizzas. The cooked pizzas were cut into four equal pieces and weighed before they were served. The subjects were instructed to eat until they were comfortably full. The weight of the leftover pizza was deducted from the initial weight to determine FI (g). Each variety of pizza was weighed separately, and energy consumed (kcal) was calculated using information provided by the manufacturer. On average, each pizza had 180 kcal with 49.5% of energy as carbohydrate, 31% as fat and 19% as protein. These pizzas were selected because of their lack of an outer crust, to provide a consistent energy density and to eliminate the possibility of participants eating the denser filling and leaving the outside crust of the pizza. Water was weighed before and after the test meal to determine consumption.
Assessment of body composition
The mean of the three consecutive skinfold measurements was used for estimation of FM from an age-and sex-specific regression equation. 18 Body density was first calculated (Equation 1) and then applied to another calculation to determine percent body fat (Equation 2). Skinfold measurements were completed at the screening session by an experienced technician. This formula has been used previously in this age group. 16, 17, 19, 20 Statistical analysis Statistical Analysis Software (SAS) version 9.2 (SAS Institute Inc., Carey, NC, USA) was used to perform all statistical analyses. The effect of the test solutions on food (kcal) and water intakes (ml), FI corrected for body weight (kcal/kg), cumulative energy intake (kcal) and subjective measures of sweetness and pleasantness (mm) were analyzed using one-way repeated-measures analysis of variance, via Proc Mixed model, followed by Tukey-Kramer's post hoc test (adjusted for multiple comparisons). Two-way analysis of variance, using Proc Mixed model, followed by Tukey-Kramer's post hoc test (adjusted for multiple comparisons), was conducted to determine the effect of solution, time and their interaction on subjective appetite absolute and change from baseline scores. The latter was performed to account for differences in appetite at baseline and calculated by subtracting scores at 15, 30, 45, and 60 min from baseline (0 min) scores.
Correlations on dependent measures were derived using Pearson's correlation coefficients. Associations between FI (kcal) and subjective measures of appetite (mm), thirst (mm), solution sweetness and pleasantness (mm), water intake (ml), measures of body composition and solution dose per kilogram body weight (kcal/kg) were analyzed. All data are presented as mean ± standard error of the mean (s.e.m.) and results were considered statistically significant at Po0.05.
RESULTS

Participants
The baseline characteristics of the participants are summarized in Table 1 .
Energy intake Pre-meal solutions affected FI at the test meal (P = 0.005), FI corrected for body weight (P = 0.036) and cumulative energy intake (solution plus meal; P = 0.003). Compared with the sucralose control, only the glucose solution decreased FI (P = 0.003) and FI corrected for body weight (P = 0.022; Table 2 ). Cumulative energy intake was higher after sucrose (P = 0.009) and HFCS (P = 0.01), but did not differ after glucose, compared with the sucralose control ( Table 2) .
Water intake Water intake at the pizza lunch did not differ among solutions (Table 2) .
Solutions' sweetness and pleasantness Pleasantness (P = 0.01), but not sweetness, differed among the solutions (Table 2) . Boys rated the glucose (P = 0.04) and sucrose (P = 0.01) solutions more pleasant than the sucralose control. Fat mass and fat-free mass were calculated from the sum of skinfolds at four points. 18 Sugars, appetite and food intake in children M Van Engelen et al
Subjective average appetite scores Absolute average appetite scores were affected by solutions (P = 0.02) and time (P o 0.0001), but there was no time × solution interaction. Average appetite scores were overall 8% higher after HFCS (P = 0.01) compared with glucose ( Figure 1a) , and after all solutions, absolute average appetite scores increased over time.
Change from baseline average appetite scores were also affected by solutions (P = 0.0002) and time (Po 0.0001; Figure 1b ). Change from baseline average appetite increased over time after all solutions and was significantly higher after sucrose compared with all the other solutions (P o 0.005), and there was no time × solution interaction.
Association between anthropometric measures, subjective appetite and FI Body weight positively associated with FI (r = 0.69, P = 0.005) only after the sucralose control condition. Fat-mass was positively associated with FI following the sucralose control (r = 0.66, P = 0.008), sucrose (r = 0.54, P = 0.04) and HFCS (r = 0.75, P = 0.001), but not after the glucose solution. Neither absolute nor change from baseline average appetite correlated with FI at any of the measurement time points.
Association of solution dose per kilogram body weight with FI The energy content of the solutions, expressed on a body weight basis (kcal/kg), was inversely associated with FI after sucrose (r = À 0.59, P = 0.02) and HFCS (r = À0.56, P = 0.03), but not after glucose (Figure 2 ).
DISCUSSION
The results of this study show that the source of sugars is the primary determinant of short-term FI in NW boys. Only glucose resulted in a statistically significant decrease in FI, whereas neither sucrose nor HFCS suppressed FI, leading to higher cumulative energy intakes compared with the sucralose control. The increase in subjective average appetite was the highest after sucrose during the study measurement period, but did not lead to increased FI at the test meal.
Lower FI after glucose is consistent with our previous studies in children, 9, 14, 16, 17, 20 and adult men. 6, 7 Glucose increases blood (a) Both treatment (P = 0.03) and time (P o0.0001) affected average appetite (two-way analysis of variance (ANOVA)). Absolute average appetite was higher after HFCS compared with glucose (Tukey-Kramer's test, adjusted for multiple comparisons, P = 0.014).
(b) Both treatment (P = 0.0002) and time (P o0.0001) affected change from baseline average appetite (two-way ANOVA), which was higher after sucrose compared with all the other test solutions (Tukey-Kramer's test, adjusted for multiple comparisons, Po0.005).
There was no interaction between the effect of time and solutions. Mean subjective average scores at baseline are glucose: 66 ± 6, sucrose: 62 ± 7, HFCS: 71 ± 5 and control: 68 ± 5. glucose, 21, 22 insulin, 23 and several other hormones that have a role in the cessation of eating 6, 24, 25 to a greater extent than either sucrose or HFCS. 26 The effect of glucose on short-term FI suppression is therefore consistent with the glucostatic theory of FI control where higher blood glucose, resulting from meal ingestion, leads to higher satiety, and subsequently to the termination of eating, 27 which may explain the relatively stronger effect of glucose compared with the sucrose or HFCS.
To our knowledge, this is the first study to compare the effect of sucrose and HFCS on short-term FI in children, and the similar effects of these sugars on FI were expected based on their glucose/fructose ratios (50:50 in sucrose vs 45:55 in HFCS), 5 and effects on short-term metabolic responses of plasma glucose, insulin, leptin, glucagon-like peptide 1 (GLP-1) and ghrelin in adults. 8, 28 Furthermore, the effect of these sugars is unlikely to differ in the long term as hypocaloric diets containing either sucrose or fructose, at the levels comparable to those consumed by the general population, resulted in similar effects on body weight and blood lipid profiles over 12 weeks. 29 Use of a fixed treatment dose (200 kcal) rather than on the basis of body weight (g/kg), as reported in our previous studies in children, 14, 17, 20 may in part explain the relatively weaker effect of sucrose and HFCS on FI. Body composition was measured in this study because in previous studies, FM associated positively with FI and inversely with caloric compensation in children 9, 14, 30, 31 within the NW range. 9 In the present study, FM positively associated with FI after the control, sucrose and HFCS, but not after glucose. Similarly, the energy content of the solutions containing sugars, expressed on a body weight basis (kcal/kg), inversely associated with FI at the meal, only after sucrose and HFCS, but not after glucose. This suggests that satiety signals arising from sucrose and HFCS were attenuated with increased body weight leading to greater FI among the heavier boys. In comparison, the stronger effect of the glucose solution on blood glucose, insulin and satiety hormone responses may have overridden the association between body weight and FI that occurred after the lower glucose and insulin-secreting solutions of sucrose and HFCS.
It has been proposed that sweet taste alone contributes to the suppression of hunger and increased feelings of fullness 32 and satiety in children 30 as well as in adults. 33, 34 To diminish the hedonic effect of sweetness and to minimize the differences among solutions in terms of pleasantness and palatability, we used a non-caloric sweet control. However, this may explain the relatively weaker effect of sucrose and HFCS on FI compared with the sweetened control. In children, aspartame-sweetened solutions suppress FI compared with water, 30 but in adults, the results are less consistent. Although it was reported that sweetness from aspartame and saccharin increased FI, 35, 36 others showed that FI following sucrose solutions (25 or 50 g) did not differ from that of the non-caloric aspartame-sweetened control, but was lower than water. 33 Similarly, in men, FI was reduced after HFCS and sucrose compared with water but this effect was less pronounced when compared with sucralose. 6 When compared with water, sucralose reduced FI by approximately 100 kcal, 6 likely due to the effect of sucralose on GLP-1 secretion. 37 Despite our efforts to match for sweetness and pleasantness, boys rated the control beverages less pleasant than glucose and sucrose. Because of the long interval time between the solution intake and the test meal, 38 it is unlikely that pleasantness would have an effect on the test meal FI. In addition, pleasantness did not consistently correlate with FI after the caloric solutions, and in contrast, pleasantness was positively correlated with FI only after glucose, which resulted in the lowest FI.
All solutions failed to significantly reduce subjective average appetite ratings as is commonly observed in similar studies in adults 6 or after the consumption of solid snacks in children. 39 The lack of effect of these solutions on lowering subjective appetite may be due to their physical state or composition. Food form is suggested to have a role in FI regulation, and liquid calories are hypothesized to be less satiating than solids. [40] [41] [42] However, a recent study in men determined composition to be a stronger predictor of FI and subjective appetite as physical state failed to alter these measures. 43 In the current study, solution composition affected subjective appetite. Average appetite scores increased over time to lunch after all solutions but this increase was highest after sucrose, although the latter did not lead to increased FI. However, it is unclear whether these differences in subjective appetite would have led to differences in FI after a longer delay interval or at a subsequent meal.
Although this study provides insight into the role of sugars on short-term FI regulation in children, it has some limitations. We only measured FI at lunch, and therefore, it is uncertain if the boys would have compensated for the energy in the solutions at a later snack or meal. Neither girls nor overweight/obese children were included in this study, thus these results can only be applied to boys within the normal body weight range. Future comparative studies are merited where the sugars are provided on a body weight basis, unmatched for sweetness and compared with a water control.
In conclusion, change from baseline subjective average appetite was highest after sucrose, but only the glucose solution suppressed FI at the test meal 60 min later in NW boys.
